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We present a reconfigurable microwave frequency measurement technique with adjustable measurement range and resolution. The key novelty of the technique is the employment of stimulated Brillouin scattering, which results in a tunable amplitude comparison function, leading to an adjustable measurement range and resolution. The proposed technique is switchable between a wideband tunable narrow measurement range (∼2 GHz) with high resolution (0.05 GHz) and a fixed wide measurement range (12 GHz) with moderate resolution (0.25 GHz). © 2012 Optical Society of America OCIS Codes: 060.5625, 320.7100, 290.5900.
Instantaneous microwave frequency measurement (IFM) based on photonic techniques has been a topic of significant interest recently. An IFM system is a low latency tool that is usually used in radar systems and electronic warfare systems for detecting and roughly classifying unknown signals. A few methods have been proposed for IFM [1] [2] [3] [4] [5] . In [2] , an amplitude comparison technique was proposed by comparing the two different dispersioninduced power-fading functions from two intensitymodulated optical signals that are propagating through a dispersive medium. The limitation of the scheme in [2] is that the measurement range and resolution are fixed for a given system. For many applications, however, it is highly desirable that the IFM system could be reconfigurable with adjustable measurement range and resolution. By tuning the laser wavelength, the reconfiguration of the IFM system was demonstrated in [4] . The measurement range can only, however, be adjusted in a narrow band (several gigahertz) due to the relatively small dispersion changes resulting from the wavelength tuning. In [3, 5] , the amplitude comparison technique was improved to a wide measurement range by comparing two complementary dispersion-induced power-fading functions.
In this Letter, we introduce, for the first time to the best of our knowledge, stimulated Brillouin scattering (SBS) into the IFM system. By imparting a tunable phase shift on the optical carrier of an intensity-modulated signal using SBS, the IFM system is reconfigurable with adjustable measurement range and resolution. It is switchable between a wideband tunable narrow measurement range (∼2 GHz) with high resolution (0.05 GHz) and a fixed wide measurement range (12 GHz) with moderate resolution (0.25 GHz).
The schematic of the proposed Brillouin-assisted IFM system is shown in Fig. 1 . The unknown microwave signal was modulated onto two independent optical carriers (λ 1 1550 nm and λ 2 1520 nm) from two laser diodes with a linewidth of ∼100 kHz (LD1 and LD2, respectively) using a Mach-Zehnder modulator (MZM1) biased at quadrature, thus providing optical double-sideband modulated signals. These signals were then passed through a 25 km standard single-mode fiber (SMF) to induce two different power-fading functions. The dispersed signals were separated by two optical tunable filters (TF1 and TF2) and detected by two photodetectors (PD1 and PD2). The difference between the two power-fading functions, referred to as the amplitude comparison function (ACF), is given by [4] γ cos
where f m is the unknown microwave frequency and c is the speed of light in vacuum. D 1 (425 ps∕nm) and D 2 (372.5 ps∕nm) are the total dispersions of the 25 km SMF for λ 1 and λ 2 , respectively, which were measured with the phase-shift method [6] . As can be seen from Eq. (1), the input microwave frequency can be extracted from the measured ACF. In order to avoid frequency ambiguities, the upper measurement range of the IFM system is limited to the position of the first notch of the ACF, given by
It is evident that the measurement range is adjustable by tuning the wavelength. However, the measurement range can only be tuned in a narrow band because of the relatively small dispersion changes resulting from the wavelength tuning. Next, we will show that the SBS provides another degree of freedom to adjust the measurement range and resolution of the IFM system. As shown in Fig. 1 , a part of the optical power from LD1 was extracted by an optical coupler (C1) and was sent to the other MZM2. The modulator was driven by a microwave signal of frequency f p and biased at the null point to implement carrier suppressed-double-sideband (CS-DSB) modulation. f p was chosen to be close to the Brillouin frequency shift v B of the SMF, which was measured to be 10.864 GHz at 1550 nm. The CS-DSB modulated signal was then boosted by an erbium-doped fiber amplifier (EDFA) and acted as the pump wave to stimulate SBS in the 25 km SMF [7] . An optical circulator (OC) was used to counterpropagate the DSB modulated signal (at λ 1 , from MZM1) and CS-DSB pump signal (at λ 1 , from MZM2) in the SMF. A polarization controller (PC) was used to optimize the polarization state in the SBS process. An optical isolator (ISO) was added to ensure unidirectional transmission. In the SMF, the upper and lower sidebands of the CS-DSB pump signal generate Brillouin gain and loss resonances, respectively, with nearly identical depth and spectral shape, as illustrated in Fig. 2(a) . Therefore, the amplitude of the optical carrier remains almost constant because the gain and loss for the optical carrier are mutually canceled out, while the associated optical phase shift imparted on the optical carrier is doubled. Because the bandwidth of the SBS interaction is very narrow (about several tens of megahertz), the SBS is only imparted on the optical carrier at λ 1 as long as the modulating frequency f m is higher than the Brillouin bandwidth. The modulation sidebands at λ 1 and the DSB modulated signal at λ 2 are not affected in the SBS process.
In order to assess the phase shift imparted on the optical carrier (at λ 1 ) by the SBS, we added a tunable optical filter after the OC to block the upper frequency sideband of the DSB modulated signal when LD2 was tuned off. In this case, f m was fixed at 15 GHz. After PD, the phase of the 15 GHz signal was measured using a vector network analyzer (VNA). Figure 2 (b) represents the measured phase shift imparted on the optical carrier (at λ 1 ) as a function of f p for pump power of 8 dBm, which was indirectly derived from the measured phase shift of the 15 GHz tone. A continuous phase shift of more than 360°is obtained.
In our scheme, the SMF represents two functions as a dispersion element to generate power-fading and as a nonlinear medium to stimulate the SBS effect. Considering the SBS-induced phase shift φ that imparted on the optical carrier at λ 1 , the ACF is now given by Figure 3 shows the measured and simulated results of the power-fading functions and the corresponding ACFs for the non-SBS case and for the case using SBS with different f p at the fixed pump power of 8 dBm. The powerfading functions were captured by the VNA. The output power of the cw signal from the VNA is set as −3 dBm. Experimental results (solid curves) match well with the theoretical prediction (dashed curves). As shown in Fig. 3(a) , the power-fading function at λ 1 (1550 nm) can be adjusted by tuning f p because the phase shift that imparted on the optical carrier is changed. The variation of the first notch point in the power-fading function would influence the ACF and finally change the upper measurement bound as shown in Fig. 3(b) . The upper measurement bounds are around 4.3, 8.2, and 12.1 GHz for f p 10.859 GHz with SBS, f p 10.861 GHz with SBS, and the non-SBS case, respectively. It is expected that the measurement resolution near the notch position can be improved due to the distinct changes of the ACF in the vicinity of the notch. It should be noted that, for f p 10.869 GHz, the optical carrier phase shift is 90°. In this case, the ACF is given by
For the optical signal at λ 1 , the intensity modulation was fully converted to the phase modulation. The intensity modulation at λ 2 , however, remains unchanged. As can be seen from Fig. 3(a) , it generates power-fading functions that are bandpass (at λ 1 ) and low pass (at λ 2 ), respectively. The complementary nature of the two power-fading functions leads to a fast change rate versus the input frequency over a wide range as shown in Fig. 3(b) . This enables us to estimate the microwave frequency with a relatively high resolution over a wide frequency range. Figure 4 shows the measured frequency versus input frequency and the measurement error as a function of input frequency for different cases. It can be seen that for f p 10.859 GHz with SBS, f p 10.861 GHz with SBS, and the non-SBS case, the estimation of the input frequency is best closer to the notch present in the ACF. At low frequencies, variations in the ACF are minimal, thereby resulting in large measurement error and frequency ambiguity. This in turn sets the lower measurement bound of the IFM system for each case. In the previous works, a measurement range of 8-12 GHz with measurement error of 0.05 GHz [5] and a measurement range of 5-12.1 GHz (or 9-14.7 GHz) with measurement error of 0.1 GHz [4] have been reported. However, the main limitation of these approaches is the limited tuning range (several gigahertz), especially in the lower frequency range. As shown in Fig. 4(b) , for a given measurement error, for example 0.05 GHz, the measurement range can be adjusted in a wide range in our scheme. For f p 10.859 GHz with SBS, f p 10.861 GHz with SBS, and the non-SBS case, the measurement ranges are 2.36-4.36, 6-8, and 10.5-12 GHz, respectively. Note that a 90°carrier phase shift is enough to tune the first notch at λ 1 to any frequencies from 0 to 12.1 GHz (i.e., the first notch at λ 1 in the non-SBS case), which results in wider tunable measurement range. In the same way, for a given measurement range, it is apparent that the resolution is also adjustable. In addition, for the case f p 10.869 GHz, a measurement range as large as 12 GHz (1-13 GHz) is obtained for a moderate measurement resolution of 0.25 GHz because of the fast change rate versus the input frequency over a wide frequency range. It should also be noted that the carrier phase shift between kπ and kπ 0.29 rad (k is an integer) should be avoided. In these cases, the notch at λ 1 will fall into the shadow area in Fig. 3(a) . A simulated example is shown in Fig. 3(a) with a carrier phase shift of 0.21 rad. The zoom-in view shows that the two power-fading functions intersect at ∼11.2 GHz. This intersection point dictates the lower bound of the IMF system.
In conclusion, we have demonstrated a Brillouinassisted reconfigurable IFM system. The SBS results in a tunable ACF, leading to an adjustable measurement range and resolution. It is switchable between a wideband tunable narrow measurement range (∼2 GHz) with high resolution (0.05 GHz) and a fixed wide measurement range (12 GHz) with moderate resolution (0.25 GHz). The measurement errors might be attributed to factors such as system noise, the stability and noise of the SBS, and the power fluctuations of the LDs. Generally, the SBS adds noise to the received optical signal, which results in the degradation of the phase noise of the recovered microwave signal. However, the SBS-induced phase noise degradation is not severe compared with the input microwave signal [8] . Thus, the measurement error resulting from the SBS noise is very small. Note that v B varies with temperature, which results in the carrier phase shift, leading to the variation of ACF and measurement error. Temperature control (with accuracy of 0.05°C) was performed in our experiment. However, temperature-induced error can be efficiently alleviated by broadening the SBS bandwidth using the pump modulation method [9] . A broadened SBS bandwidth enables a low sensitivity of the carrier phase shift with respect to the change of v B as well as the temperature variation [8] . As a result, the ACF variation and measurement error can be reduced. In addition, SBS adds a low amplified spontaneous emission noise to the signal [8] , which raises the noise floor of the system and results in the degradation of the dynamic range of the measurement. 
